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Abstract
Effects of air and saline inflation on the stress relaxation of ther lungs in
developing piglets.

Joseph

A.

La

Rocca,

1992.

It is known that, as the

mammalian lungs develop, their viscoelastic properties become less prominent. In some
species like the rat, the decrease in viscoelasticity appears to reflect the explosive changes
that occur after birth in both lung structural composition and alveolar architecture. In the
pig, a non-altricial mammal with a slower pattern of growth, the structural composition of
the lungs changes little, and thus it is conceivable that changes in viscoelastic behavior will
only reflect variations in the geometry of the gas-liquid interface. To test this hypothesis,
we compared the stress relaxation (a major manifestation of viscoelasticity) of the lungs of
six newborn and six 8-wk old piglets by performing airway occlusions while the lungs
were inflated in situ first with air and then with normal saline. The amplitude and time
course of stress relaxation were measured from the monoexponential decay in
transpulmonary pressure that follows each occlusion once all frictional losses are
dissipated. We found that the amplitude of stress relaxation was volume history-dependent
and linearly related to the elastic recoil of the lungs at the occlusion point. The slope of this
relationship was greater in the newborn than in the 8-w'k old piglets during gas inflation
(0.28±0.02 vs ().2()±0.02 at a flow = 3.5 and 0.35±0.04 vs 0.2610.05 at a flow = 7 ml
s-l kg-l), but was not different during liquid inflation (0.2410.06 vs 0.2310.03 and
0.1710.04 vs 0.2010.03, at analogous flow rates). Both the intercept of the relationship
and the time constant describing the course of stress relaxation were unaffected by age,
flow, or whether the lungs were inflated with air or saline. From the observed differences
between gas and liquid inflation, w'e conclude that, in the pig, the postnatal decrease in the
amplitude of stress relaxation of the lungs is caused exclusively by developmental changes
in the gas-liquid interface. In this regard, viscoelastic detemhnations may offer a sensitive
way to assess nomial lung development and detect subtle anomalies of alveolar geometry.
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Introduction
Viscoelasticity: Definitions
Viscoelasticity is a physical property of many of the materials that we encounter
in daily life, including most living tissues. Like other physical properties of solid
materials, viscoelasticity is best defined in terms of stress-strain relationships. (Stress is
an applied force that tends to deform a body. Strain is a deformation caused by stress.)
What makes viscoelasticity unique is the fact that the stress-strain relationships of those
materials that exhibit this property are influenced primarily by time. In this respect, it
differs from viscosity or from elasticity, both related properties for wich the stress-strain
relationships depend on the rate of change of strain or the amount of strain, respectively.
Two examples of familiar materials that behave viscoelastically are chewing gum,
which, when stretched (i.e. subjected to a stress which causes a change in strain),
continues to change shape over time, thinning often to the point of breaking, and
ketchup, which can stubbornly resist leaving the bottle no matter how much force is
used to shake it until suddenly, and without a change in force, it begins to flow.
Viscoelasticity is expressed in three well characterized time-dependent
phenomena: stress adaptation, a change in stress following a step change in strain;
creep, a change in strain following a step change in stress; and stress-strain
hysteresis, a difference in the stress-strain relationship depending on the direction of
strain change. Hysteresis is probably the best studied of these phenomena. Graphically,
it can be demonstrated by the fomiation of a loop when the strain of a material is plotted
against the stress applied to produce the strain (Fig. 1). The hysteresis caused by
viscoelasticity must be distinguished from the dynamic hysteresis caused by the friction
of one material against another; viscoelastic-related hysteresis is quasi-static and persists
after frictional forces have disappeared. Regardless of its origin, w'hen present in a
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Strain

Stress
Figure 1.

Example of hysteresis caused by a dissipative

phenomenon such as viscoelasticity. When, during cyclic
deformation, the strain of the material is plotted against the stress
applied to produce that strain, a loop results. For a given amount
of strain, the stress required to produce that strain is less during
periods of decreasing stress (A) than during periods of increasing
stress (B).

thermodynamic system (like the respiratory system), hysteresis always denotes an
energy loss from the system. Properties that, like viscoelasticity, cause hysteresis are for
this reason known as dissipative properties.
Whether it is manifested as hysteresis, creep, or stress adaptation, the precise
nature of viscoelastic dissipation remains unknown. As we will see in the following
pages, several mechanical models usually combining elastic and viscous elements have
been adavanced to describe viscoelastic manifestations. The idea behind these model
representations is that viscoelasticity is the delayed attainment of a mechanical
equilibrium configuration as a result of viscous processes. The location of these
processes is unclear. It is, however, very likely that molecukir returangements within the
tissue or at the alveolar gas-liquid interface play a significant role.

J.A. La Rocca. M.D. Thesis
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Viscoelastic Behavior of the Respiratory System
Manifestations
When the respiratory system is considered as a whole, its time-dependent stressstrain relationships must be represented in three dimensions. Under these conditions,
stress and strain can be simply translated into pressure and volume.
The pressure-volume relationships of the respiratory system display viscoelastic
manifestations; including stress adaptation, creep, and hysteresis. Stress adaptation is
evident as a change in respiratory system pressure following a step-change in volume^*
5, 7, 9, 13, 15, 33, 40, 42, 45, 58^ creep

as a change in respiratory system volume

following a step-change in pressure, and hysteresis as lower elastic recoil pressures at
any given lung volume during deflation than during inflation^* 26, 27, 33,40,41,42,43,
57, 58.
A common way of quantifying viscoelasticity in the respiratory system is to
measure the width (or the distance between the two arms) of the hysteresis loop. By
dividing this distance by the rate of change in strain, one obtains the resistance of the
system. In this manner, viscoelasticity contributes to the resistance of the respiratory
system. However, unlike the viscous resistance of the airways, which results from the
friction of gas molecules against the airway surface, the viscoelastic resistance (often
referred to as lung tissue resistance or tissue viscance) is a non-newtonian resistance,
which is inversely related to gas flow and frequency.
Stress adaptation has received a great deal of attention in recent years^- 2, 8,14,
19, 20, 21, 25, 26, 27, 29, 37, 38, 40, 42, 52, 58, 59, 60, 61, 62, 65. jhis manifestation of
viscoelastic behavior is best studied when gas flow is interrupted after a volume change
in the respiratory system, a method based on the early work of von Neergaard‘^2,48 g^d
later refined by Rattenborg^*^. With this technique, the pressure at the airway opening is
measured as the airway is occluded for a few seconds during inflation {stress relaxation)
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or deflation (stress recovery). The pressure changes following the occlusion (a decay in
the case of stress relaxation and an increase in the case of stress recovery) provide
information regarding the airway resistance, elastic recoil pressure, and stress adaptation
amplitude and time course of the respiratory system^.^. 7,8,27,33,37, 38_

Origins of Viscoelastic Behavior
The fact that the mammalian respiratory system exhibits marked viscoelastic
behavior is not surprising since both the lungs and chest wall contain collagen, elastin,
and muscle, and these materials all demonstrate viscoelastic properties in isolation^9,20,
22,23,61^ particularly when organized in a network23. Under such circumstances, even
fibers that show little stress adaptation by themselves can demonstrate large timedependent changes in overall stress after a change in strain in a fashion similar to that in
which the nylon fibers of a stocking see their elasticity enhanced by the way they are
arranged together. The alveolar wall contains a complex mesh of elastin, collagen, and
muscle fibers, and thus it is fitting that several investigators have observed both stress
relaxation and pressure-volume hysteresis in isolated cat^l and human^^ ju^g tissue
samples.
Although it is known that structural components like those discussed above
contribute measurably to the viscoelastic properties of the lung, the gas-liquid interface
is probably the most important source of pulmonary viscoelasticity. Comparisons of
stress adaptation between air and fluid filled lungs have shown that, for the most part,
pulmonary viscoelasticity originates from physical phenomena that involve surface
tension. For instance, Horie and Hildebrandt examined excised lungs in cats in two
separate studies and found that stress adaptation decreases by as much as 5/6 to 7/8
when the lungs are filled with saline29, 30 Similarly, Lorino et al. found that in the
excised lungs of rats, 4/5 of stress adaptation is lost when the lungs are filled with
liquid‘^0
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The specific mechanism by which the alveolar gas-liquid interface contributes to
the lung viscoelasticity is not known. A theoretical analysis, however, suggests that this
contribution could result from the reversible movement of surfactant molecules between
the gas-liquid interface and the liquid sub-layer, a process known as solubilization
Two alternative models describing this process have been considered. One proposes a
"fitting in and squeezing out" of the surfactant molecules in the surface film (sorption);
the other is based on the diffusion of surfactant molecules along concentration gradients
within the liquid sublayer.

Models of Viscoelastic Behavior
The pressure-volume relationships of the respiratory system can be modeled
using idealized mechanical analogs combined in series and in parallel. Elements such as
the Hooke, Newton, and St. Venant bodies [these are graphically represented with a
spring, dashpot, and dry friction element, respectively (Fig. 2)] have been applied to
this end in various combinations and arrangements. The Hooke body is perfectly elastic
and dissipates no energy during deformations. The Newton body, in contrast, exerts a
retarding force proportional to the velocity of deformation and, therefore, dissipates
energy. Finally, the St. Venant body remains stationary until a threshold force is reached
and thereafter it exerts a constant retarding force; like the Newton body, it also dissipates
energy. Two commonly invoked combinations of these idealized mechanical elements
are the Maxwell and Prandtl bodies (Fig. 3). The Maxwell body consists of a Hooke
and Newton body arranged in series; this unit is often used to represent viscoelasticity.
Prandtl bodies consist of various arrangements of a Hooke and a St. Venant body; this
construction is often used to represent plastoelasticity.
To understand how combinations of elements can describe the time-dependence
of the volume-pressure relationships of the respiratory system, imagine, for example.
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Hooke

Newton

St. Venant

Figure 2. Three idealized mechanical elements commonly used to represent the mechanical behavior
of the respiratory system. Each element behaves differently when subjected to a linear deformation. The
Hooke body (spring) is perfectly elastic and dissipates no energy during deformations. The Newton
body (dashpot) exerts a retarding force proportional to the velocity of deformation and, therefore, it
dissipates energy. The St. Venant body (dry friction element) remains stationary until a threshold force
is reached, and then it exerts a constant retarding force; like the Newton body, it also dissipates energy.

what would happen if a Maxwell body were suddenly stretched and then held in place.
Immediately following the stretch, the spring would exert a recoil force proportionate to
its length (Hooke's law). Over time, however, the dashpot would slide, allowing the
spring to shorten (i.e. relax), and, in the process, some of the recoil force of the system
would be lost. The relaxation of this system over time is analogous to stress relaxation.
An important benefit of mechanical models is that mathematical equations can be
derived from them. These equations can, in turn, be used to predict the mechanical
behavior of the systems they represent. One of the earliest models of the respiratory
system was proposed by Bayliss and Robertson^. Their model consisted of an outer
elastic element (spring), a middle viscous element (dashpot), and an inner elastic element
connected in series. The outer element represented the smooth muscle and elastin of the
airways, the middle element represented the airway resistance to flow, and the inner
element represented the smooth mu.scle and elastin of the interstitium. It was in the
inner, elastic element that the structure viscance (i.e. viscoelasticity) was thought to
reside. In 1970 Hildebrandt proposed a more complex model of the respiratory system
that consisted of two main compartments27. The first compartment was a viscoelastic
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Figure 3. The Maxwell and Prandtl bodies. The Maxwell body consists of a
Hooke and Newton body connected in series. Prandtl bodies consist of
various combinations of a Hooke body and a St. Venant body.

model (represented by Maxwell bodies), which accounted for stress adaptation and
approximately two-thirds of the dynamic hysteresis area. The second compartment was
a plastoelastic model (represented by Prandtl bodies), which accounted for the remaining
(static) hysteresis area. Studies of the mechanical behavior of the lungs and chest wall of
various mammals found that these components of the respiratory system behaved in a
manner well predicted by Hildebrandt's model^O.
A simpler model formulation was recently proposed by Bates et al.^ (Fig. 4). It

J.A. La Rocca: M.D. Thesis
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Figure 4. Left: Linear viscoelastic model of the respiratory system. According to this model, the lungs
can be depicted by a parallel arrangement of a spring, representing elastance (E); a dashpot,
representing flow-resistance (R); and a Maxwell body, comprising a viscoelastic elastance (Eve) and
resistance (Rve). For a given displacement V(t) of the arrangement, the elastic element accumulates a
stress = E V(t). The viscoelastic element, however, dissipates through Rve part of the stress generated in
Eve, so that at any given time the displacement of Eve is only Vve(t), and the stress accumulated in the
element = Eve Vve(t). Right: Behavior of the model after an airway occlusion performed at time to during
constant inspiratory flow. After the occlusion, gas flow [represented by the first derivative of the
displacement with respect to time. V(t)] decreases to zero and volume [represented by the displacement,
V(t)] becomes constant. The pressure [represented by the total tension developed by the arrangement,
P(t)] decreases, first rapidly as flow-related stress dissipation in R (APy) ceases, and then more slowly as
the stress accumulated in Eve continues to dissipate through Rve [stress relaxation (APve)]. After stress
relaxation is complete, the only stress left in the arrangement is the elastic recoil pressure accumulated
in E (Pel).

consisted of only three elements arranged in parallel; a dashpot representing airway
resistance to flow, a spring representing the elastic recoil of the lungs, and a Maxwell
body representing pulmonary viscoelasticity. Studies examining the effects of
inspiratory' flow rates and inflation volume on pulmonary mechanics in anesthetizedparalyzed dogs59 and humans^"^ have generally demonstrated that this model is
surprisingly accurate in predicting the amplitude of stress relaxation and recovery.
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Effects of Development on Respiratory System Viscoelasticity
Mammals are bom with variable degrees of alveolar development. In general, the
more defenseless an animal is at birth, the more likely its lungs are to be immature. For
example, many altricial species like rats and mice have no true alveoli at birth, but their
lungs undergo a rapid process of septation which leads to the formation of an adult
population of alveoli in a matter of days^^- 12, 44_

other extreme, many non-

altricial mammals, like sheep and horses, which because of their migratory way of life in
the wild need to be up and about soon after birth, have formed a large portion of the
adult number of alveoli by the end of prenatal development^^ y\t birth, the lungs of
humans are at a stage of development intemiediate to these extremes.
While the specific rate and pattern of lung maturation is highly speciesdependent, in general a process of septation occurs in the lungs which increases the
number of alveoli and modifies the geometry of the alveolar surfacel2. 39,55,67_ EJastin
and collagen content are low in newborn lungs, and the formation of alveoli seems to
correspond to the appearance of elastic fibers'^'^. Considering the occurrence of these
geometric and structural changes, it is not surprising that the viscoelastic behavior of the
lungs also changes rapidly after birth. For example, Polgar and String showed that lung
tissue resistances are greater in human newborns than in adults. Furthermore, they
found that the relative contribution of lung tissue resistance to total pulmonar}' resistance
in human newborns is twice that of adults-*’^. (We have seen before that lung tissue
resistance is a measure of quasi-static hysteresis, which is a viscoelastic manifestation.)
In a similar study, Bachofen and Due found lung tissue resistance to be three times
greater in children (ages 7-11 years) than in aduItsC Nardell and Brody studied stress
adaptation and quasi-static hysteresis in the saline-filled lungs of rats between 4 and 40
days of age'^^\ They showed that both of these viscoelastic manifestations decrease
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significantly during the first 12 days of life. Interestingly, these investigators also related
their observations to specific anatomical stages of development in the lung of the rat.
Specifically, they found that quasi-static hysteresis reaches adult values by the end of the
proliferation stage (the period of rapid alveolar formation which precedes elastin
accumulation), but stress relaxation does not reach adult values until the end of the
elastin accumulation stage (the period marked by the accumulation of elastin and
collagen). In two separate studies, Sullivan and Mortola studied stress relaxation in the
developing lungs of cats and rats. In the case of cats, they found that stress relaxation is
approximately 9% greater in the isolated lungs of newborn kittens than in adult cats^.
In the case of rats, they showed that respiratory system stress relaxation, measured after
a uniform volume change, decreases significantly during the first 40 days after birth^^.
More recently, studies performed in our laboratory probed further the effects of
development on the stress relaxation of the developing piglet’s lungs and chest wall^f
These studies found that the amplitude of stress relaxation of both components relates
linearly to the changes in the elastic recoil (and, by extension, to the volume change) of
the respiratory system preceding the relaxation. In the case of the lungs (but not of the
chest wall), the slope of the relationship was 38-44% higher in newborn’than in 8-wk
old piglets, indicating that in this species the stress relaxation of the lungs decreases with
age in a volume-dependent manner.
The question remains, however, which specific component of the lungs is
primarily responsible for these developmental differences in viscoelasticity? Since
mammalian lung development involves both structural and geometrical growth, there
would seem to be two candidates: the tissues and the alveolar gas-liquid interface. The
recent finding in our laboratory that removal of pulmonary surfactant by saline lavage
greatly increases the stress relaxation of piglets lungs^^ strongly suggests that changes
in alveolar geometry are most important.

J.A. La Rocca: M.D. Thesis
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Hypothesis and Specific Aims
Based on the above information, we hypothesized that the developmental
differences in stress relaxation in the piglet are due to geometrical rather than structural
changes.

To test this hypothesis we established the following specific aims:

1.

To compare the amplitude and time course of stress relaxation in newborn and 8-

wk old piglets’ lungs during air and saline inflations. Since saline eliminates the gasliquid interface, we expected to find a substantial reduction in the age-related differences
in stress relaxation when the lungs were filled with saline instead of air.

2.

To analyze the effect of air or saline flow, volume history, and absolute lung

volume on these comparisons. These three factors are known to influence viscoelastic
behavior in adult lungs. By examining such influence in developing lungs, we expected
to obtain additional insight not only into the mecanichal changes that occur as the lungs
grow, but also about the nature of viscoelasticity itself.

J.A. La Rocca: M.D. Thesis
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Methods

The protocol for this study was approved by the Yale Animal Care and Use
Committee (YACUC). All the experiments described here were performed by the author
with a technical assistant and under the direct supervision of the thesis advisor.

Experimental Subjects
We studied piglets because our hypothesis is based on findings which resulted
from experiments on this species^^ In addition, piglets were well suited for our study
for the following reasons. First, they complete the alveolarization of their lungs in the
first 8-12 weeks after birth^^; therefore it was expected that any changes in stress
relaxation secondary to geometrical remodelling of the alveolar surface would be
appreciable over a reasonably short period of time. Second, piglets’ lungs are known to
be devoid of collateral ventilation channels^^, and, as a result, they lack pathways for
slow redistribution of flow after occlusions, which could have confounded the
interpretation of stress relaxation measurements
Our experiments were performed in newborn [n = 6, age = 6.2±0.6 days
(mean±SE), weight = 2.210.2 kg)] and 8-wk old piglets (n = 6, age = 65.211.5 days,
weight = 18.710.8 kg).

Preparation
The piglets were initially sedated with ketamine (25-50 mg kg’^). After placing
each piglet supine on a wamiing pad, we infiltrated the sub-laryngeal area of the neck
with 1% lidocaine HCl, performed a tracheotomy, and inserted a specially designed
plastic cannula into the trachea. The cannula consisted of two sections. One section was
tapered and had a smooth internal surface (minimal ID = 0.5 cm, length = 3.0 cm). Its
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external surface had several ridges so that, when advanced into the trachea, it could be
firmly secured with a tie placed around both the trachea and the cannula. The other
section had a uniform diameter (ID = 0.7 cm, length = 5.0 cm) and a lateral port for
pressure measurement. This section was connected to a piece of thick rubber tubing of
similar ID. The rubber tubing could be easily collapsed to perform airway occlusions,
but was rigid enough not to undergo distention at the airway pressures applied during
the experiments. The cannula and rubber tubing were connected to a time-cycled,
constant flow infant ventilator (Bear Cub BP 2001, Bear Medical Systems, Riverside,
CA) with a standard endotracheal tube connector. The ventilator was adjusted to provide
a breathing frequency of 30 breaths/minute, inspiratory time of 1 s, and a positive endexpiratory pressure (PEEP) of 3 cm H2O.
After securing the airway, the internal jugular vein and the femoral artery were
cannulated with polyvinyl catheters for fluid and drug administration and arterial blood
pressure monitoring, respectively. Blood pressure was recorded continuously on a
Beckman R611 multichannel recorder (Sensormedics, Anaheim, CA). With these
preparations complete, the piglets received sodium pentobarbital (20 mg kg'^ i.v.) and
pancuronium bromide (0.3-0.5 mg kg'^ i.v.) for anesthesia and muscle relaxation,
respectively.
Next we performed a median sternotomy. After opening the pericardium and
removing its attachments to the sternum, we carefully cut through the mediastinal pleura
and exposed the lungs on both sides, making a special point not to touch the lung
surface to avoid damaging the lung tissue and causing gas leaks. A sternal retractor was
placed to separate the edges of the wound and ensure that all parts of the lung surface
would be exposed to atmospheric pressure.
During the experiments, a solution of 5% dextrose in normal saline was infused
at a rate of 4-6 mg kg'^ hr*^ i.v. to maintain hydration and glucose homeostasis.
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Repeated doses of sodium pentobarbital (10 mg kg'^ i.v.) and pancuronium bromide
(0.3-0.5 mg kg*^ i.v.) were injected whenever the heart rate or mean arterial blood
pressure increased > 10% above baseline or any voluntary movement occurred.

Pressure and Flow Measurements
The pressure at the airway opening (which, with the chest open to the
atmosphere, is equivalent to the transpulmonary pressure) was recorded with an
Endevco 8510-2 pressure transducer (±140 cm H2O, San Juan Capistrano, CA)
connected directly to the side-port of the tracheal cannula. Gas flow into the lungs was
recorded with a Fleisch pneumotachograph (no. 0 for the newborns, and no. 1 for the 8wk old piglets) inserted between the ventilator and the tracheal cannula. The arms of the
pneumotachograph were connected to a Validyne MP-45 differential pressure transducer
(±2.3 cm H2O, Validyne Engineering, Northridge, CA) with short pieces of stiff plastic
tubing.
The pressure and flow measuring systems were calibrated with a water column
and rotameter, respectively. Both systems had outputs that were linear for the range of
pressures and flows measured during the experiments. The length of the tubing
connecting the pneumotachograph to the differential pressure transducer was adjusted so
that their signals would be dynamically matched for oscillatory frequencies of at least 10
Hz. The amplitude-frequency response of both systems exceeded 25 Hz, as
demonstrated by their transient response to a step change in pressure or flow.
The pressure and flow signals generated by the transducers were digitized at a
sampling rate of 100 Hz and displayed on a video monitor. The data was stored in a
micTocomputer-based data acquisition system for subsequent data analysis.
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Protocol
The primary purpose of the study was to compare the effects of air and saline
inflations on the stress relaxation of the lungs of newborn and 8-wk old piglets.
Accordingly, we performed our experiments while the piglets' lungs were first inflated
with a constant flow of air and then with a constant flow of saline (0.9% NaCl).
Because flow rate is an important determinant of the amplitude of stress relaxation, we
questioned whether variations in the flow-stress relaxation relationship caused by age or
by the type of fluid used to inflate the lungs would provide additional mechanistic
insight into our observations. Therefore, we applied two flow rates under each
condition, air (low flow = 3.5±0.1 mg s*^ kg'^ high flow = 7.010.2 mg s"^ kg'^), or
saline inflation (low flow = 2.610.1 mg s'^ kg‘^ high flow = 3.810.1 mg s'^ kg'^]. We
tried to adjust these flow rates so that they would be comparable, between the two
inflation media, and, when normalized for weight, they would be the same for newborn
and 8-wk old piglets.
Stress relaxation amplitude and time course were determined from the analysis of
the pressure decay that follows an inspiratory airway occlusion. The occlusions were
performed at various lung volumes by pinching the rubber portion of the tracheal
cannula for 6-10 s. In preliminary experiments preformed at higher flow rales, we had
determined that the time constant of stress relaxation of the lungs is approximately 1-2 s
and that the duration of the occlusions would therefore be more than sufficient for a
complete assessment of the time course of the phenomenon under study. By recording
stress relaxation at multiple lung volumes, we were able to relate our measurements to
the lung volume history preceding the occlusion. By maintaining flow constant
throughout the inflation, we avoided flow-dependence as an important confounding
factor in the interpretation of this stress relaxation-volume relationship.
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Air Inflations
Before each series of occlusions, the piglet's lungs were inflated to an endinspiratory pressure of 40 cm H20 for two seconds to establish a standard volume
history. After the lungs had returned to their end-expiratory volume, the rubber portion
of the tracheal cannula was clamped, the ventilator was disconnected, and the cannula
was connected to a constant air flow supply. The clamp was removed and the lungs
were allowed to inflate. The occlusion was then performed by rapidly clamping the
rubber tubing connected to the tracheal cannula. Following the occlusion, the constant
air flow supply was disconnected, the clamp was removed, and the tracheal cannula was
again connected to the ventilator. This sequence was repeated 7-18 times, making sure
that occlusion volumes were evenly distributed throughout the volume range to generate
a complete relationship of stress relaxation-volume.

Saline Inflations
To eliminate any contributions from the air-fluid interface each pig was studied
in an similar fashion while its lungs were inflated with saline. For this purpose, we
deflated the piglet’s lungs to a near zero gas volume by ventilating them first with 100%
O2 for 10-15 minutes and then, after giving a dose of sodium pentobarbital sufficient to
ensure deep anesthesia (20 mg kg'^ i.v.), clamping the rubber portion of the tracheal
cannula until all the alveolar oxygen was absorbed by the circulating blood. After
cardiovascular function ceased (as determined by visual inspection of the heart), we
placed ties around the pulmonary artery and atrioventricular groove to prevent changes
in pulmonary blood volume, which could cause transpulmonary pressure changes
during the experiments. The degassed lungs were then re-inflated with normal saline to a
final volume of 25 mg kg'^ by injecting saline through a stopcock connected to the sideport of the tracheal cannula. In previous experiments, researchers in our laboratory had
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Figure 5. Experimental setting used during saline inflations. The piglet was introduced into a plexiglas
box with its lungs exposed. The trachea was connected to a bottle, which was in turn connected to a
constant air flow. Transpulmonary pressure was measured from a side port in the tracheal cannula.
Saline flow was estimated from the air flow displaced out of the box by the lung expansion. This flow was
measured with a pneumotachograph attached to a hole in the box.

determined that the functional residual capacity of the lungs of piglets of similar ages
approaches this value when the end-expiratory pressure is maintained at a level similar to
that used during the air inflations in the present experiments^. Therefore we considered
it reasonable that the absolute lung volumes were comparable between the air and the
saline inflations.
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Saline flow into the lungs could not be measured directly at the airway opening.
Therefore, for this part of the experiment a different approach was used. First, the
piglets were placed inside a sealed plexiglas box. To ensure an air-tight seal between the
box and its lid, a rubber gasket and a bead of silicone were placed along the length of
their junction and several clamps were applied to maintain pressure on the seal. The box
had three ports: the first connected the tracheal cannula to a saline bottle, the second
connected the side port of the tracheal cannula and the pressure transducer, and the third
provided an open communication with the atmosphere (Fig. 5). As the lungs were
inflated, their increasing volume would displace an equivalent volume of air inside the
box, which in turn had to flow out of the third port at a rate identical to that of the saline
entering the lungs. The rate of the escaping air flow was measured with a Fleisch
pneumotachograph (no. 0), which was connected directly to the port (Fig. 5). To test
the validity of this approach, a balloon was sealed inside the box and inflated with air at
a known flow rate. Air escaping the box was measured by the method described above.
At flow rates similar to those used in the experiments, the measured flow was identical
to that used to inflate the balloon.
We used two different boxes of similar construction. A 15.5 L (22.0 x 22.0 x
32.0 cm) box was used for the newborn piglets and a 49 L (30.0 x 32.0 x 51.0 cm) box
was used for the 8-wk old piglets. The latter had to have their lower extremities and
abdomen surgically separated from the chest, so that the compression volume (which
delays the dynamic response of the flow rate measurements) could be minimized.
During this procedure, care was taken not to injure the lungs.
The constant flow of saline before the occlusions was supplied by a saline filled
glass bottle (1300 ml) whose neck was connected to a constant air flow supply with a
three-way valve. The bottle had an outlet on its bottom, which was in turn connected to
the tracheal cannula with a short piece of rubber tubing that spanned the wall of the box
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(Fig. 5). When the three-way valve was open to the bottle, the air pushed the saline into
the lungs at a constant rate after a short flow transient. The bottles' compression volume
was minimized so that gas compression would not alter the constancy of the saline flow.
Following inflation, saline was returned to the bottle by opening the three-way valve to
the atmosphere, and allowing the saline to passively drain back into the bottle (which
was positioned on a level below the piglet to facilitate flow out of the lungs). Care was
taken to note the volume of saline in the bottle preceding each inflation by recording the
saline level and the weight of the bottle. Drainage from the lungs was stopped by
clamping the rubber tubing between the bottle and the box when the volume and weight
of the saline in the bottle returned to their pre-inflation values.
Similar to the air inflations, before each series of occlusions, the piglet's lungs
were inflated with saline to an approximate end-inspiratory pressure of 40 cm H20 for
two seconds to establish a standard volume history. After the lungs had returned to their
pre-inflation volume, the rubber tubing between the bottle and the box was clamped, and
the three-way valve was opened to the bottle. The clamp was then removed and the
lungs were allowed to inflate. The occlusion was performed by rapidly clamping the
rubber tubing between the bottle and the box. Following occlusion, the lungs were
drained to their pre-inflation volume. This sequence was again repeated 7-18 times,
making sure that occlusion volumes were evenly distributed throughout the volume
range to generate a complete relationship of stress relaxation-volume.

Ejfect of Absolute Lung Volume
In addition to the effect of flow rate and volume history on stress relaxation we
were also interested in the effect of absolute lung volume on the amplitude and time
course of stress relaxation. To this end, we performed our experiments over two lung
volume ranges. This was accomplished by using two different positive end-expiratory
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pressures in the case of air inflations, and by adding an additional 25 mg kg’^ of saline
to the piglets’ lungs in the case of saline inflations.

Data Analysis
We determined the amplitude and time course of stress relaxation of the lungs
from the decrease in the transpulmonary pressure that followed the airway occlusions.
This decrease includes a rapid, flow-dependent decay caused by the equilibration of
frictional and convective pressure losses in the airways and lung tissue, and a slower,
time-dependent decay, which can be attributed to either stress relaxation or to delayed
volume shifts between areas with different time constants within the lungs {pendellufi)^.
Differentiating between the first, or flow-dependent decay and the second, or
time-dependent decay may be difficult. Bates et al. have proposed to do it by simply
separating visually the change in the rate of pressure decay as the faster, flowdependent, decay stops, leaving only the slower, time-dependent decay. Perez Fontan et
al. have noted however, that both decays begin simultaneously after the airway
occlusion and that, as a result, the visual method can overestimate the flow-dependent
decay while underestimating the time-dependent decay^f To overcome this problem,
they fitted the time course of the total decrease in transpulmonary pressure (Pl) after the
occlusion to a biexponential function with a least squares method^"^;

Pl = APy e'^/^V -i- APve

+ Pel

(1).

From this function, they were able to calculate the amplitude of both the flow-dependent
decay (APy) and stress relaxation (APve) as well as their respective time constants (ly
and Xvc). The elastic recoil pressure (Pel) was simply computed as the asymptote of the
function. This approach, which assumes that both decays are monoexponentiai, is based

1
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on previously published theoretical and empirical data. For example, it is known that
when a serial arrangement of resistive and elastic elements is subjected to a small
pressure step, its measured output function can be approximated with a single
exponentialSince the respiratory system, the tracheal cannula, and its connections
represent an arrangement of this sort, we expected that the decrease in transpulmonary
pressure following occlusion would also be exponential. In addition, theoretical
analyses of both a diffusion model of surfactant solubilization in the alveolar liquid sublayer^I and some basic mechanical models of respiratory system viscoelasticity^’^ also
predict a monoexponential time course for the pressure losses due to stress relaxation.
In previous studies, the time constant of the first decay was 0.1 s. Because this
flow-related decay was of no interest for our objectives, we decided to confine our
analysis only to the portion of the post-occlusion pressure changes beginning 0.2 s after
the occlusion. We reasoned that, for all practical purposes, 0.2 s (approximately two
time constants) would be sufficient for the flow-dependent pressure decay to approach
its asymptote, and that therefore we would be able to treat the remaining curve as a
monoexponential decay representing the stress relaxation alone:

Pl = APve e'^'^vc + Pel

(2).

Dealing now with a monoexponential decay, we opted to perform a logarithmic
transformation:

In (Pl - Pel) = In APve -i- (-t/Xvc)

(3).

The relationship between the two sides of this equality was analyzed with a
simple least-squares regression. The amplitude and the time constant of stress relaxation
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were calculated as the natural antilogarithm of the intercept of this line with the ordinate,
and the reciprocal of the line's slope, respectively.

Statistical Analysis
Differences in the effect of age, type of fluid used to inflate the lungs, flow rate,
and lung volume at the time of occlusion on the amplitude and time course of stress
relaxation were tested by both analysis of variance (repeated measures) and analysis of
covariance^^ ^phe elastic recoil of the lungs at the time of the occlusion, flow rate, and
time to occlusion were used as the covariant variables. Data are presented as the mean ±
SE, and P values < 0.05 were considered significant in all statistical comparisons.
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Results

As expected the airway occlusions were followed by a double decay in the
transpulmonary pressure. The first decay was particularly obvious when the lungs were
inflated with saline because the greater density and viscosity of this fluid with respect to
air resulted in larger flow-resistive pressure losses in the airways (Figs. 6 and 7). The
second decay was monoexponential, and thus when the natural logarithm of the
difference between transpulmonary pressure and the elastic recoil pressure of the lungs
after the occlusion was plotted against time, it appeared as a straight line (Figs. 8 and 9).

10
Figure

S

6. Tracings of the transpulmonary pressure (P^) and airway flow (\?) before and during airway

occlusions (Occi) performed after a long (left) and a short (right) air inflation in an 8-wk old piglet. The
decrease in

during the occlusions can be divided into a rapid decay caused by the equilibration of

flow-related pressure losses in the respiratory system, and a second, slower decay produced by stress
relaxation. The flow-related pressure losses are similar after both occlusions, but the amplitude of stress
relaxation is lower after the short inflation.
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Figure

7. Tracings of the Iranspulmonary pressure (Pl) and airway flow {'^) before and during airway

occlusions (OccI) performed after a long (left) and a short (right) saline inflation in a newborn piglet.
Similar to the air inflation (Fig. 6), the decrease in

during the occlusions can be divided into a rapid

decay caused by the equilibration of flow-related pressure losses in the respiratory system, and a
second, slower decay produced by stress relaxation. Note the larger size of the flow-related decay
produced by the high viscosity and density of the saline solution.

The relationship between the natural logarithm of the second decay and time was
accurately described by Equation 3. Typically, the standard error of the estimate (SEE)
for the regressions was less than 0.165 and the coefficient of determination (r^) was
greater than 0.95. As described in the methods section, the amplitude and the time
constant of stress relaxation were calculated as the natural antilogarithm of the intercept
of this line with the ordinate, and the reciprocal of the line's slope, respectively. The
residuals of the exponential function constructed in this manner were distributed
homogeneously around the zero line, indicating that the function was not biased by the
logarithmic transformation (Figs. 8 and 9), regardless of the type of fluid used to inflate
the lungs.
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Amplitude of Stress Relaxation
Stress relaxation is a time-dependent property. As such, the amplitude of a
specific relaxation depends on the volume history preceding it. To take into account this
dependence, we plotted the amplitude of stress relaxation against not only the lung
volume change from the beginning of the inflation to the occlusion, but also against the
elastic recoil pressure of the lungs at the time of the occlusion and the duration of the
inflation. All these plottings yielded linear relationships (Fig. 10). Accordingly, we
summarized the amplitude of stress relaxation for each experimental condition with a
slope and an intercept with respect to each of the three variables (volume, elastic
pressure, and time). We chose to present our data as a function of the elastic recoil
pressure of the lungs at the time of occlusion because this variable, measured as the
asymptote of the transpulmonary pressure-time relationships {Equations 1 and 2),
provides the most stable reference throughout lung development. The specific elastance
of the lungs (the elastic recoil generated by a unit of lung volume) does not change with
age in the piglet^O, whereas lung volume (which, with a constant flow, is tied to time by
a direct proportionality) increases markedly with age.
We devised two approaches to compare the effects of age, inflation fluid, flow,
and PEEP on the amplitude of stress relaxation. The first approach consisted of simply
performing an analysis of variance on the slopes and intercepts of the relationships
between the amplitude of stress relaxation and the elastic recoil pressure at the time of
occlusion. For the second approach, we applied an analysis of covariance with the
amplitude of stress relaxation as the dependent variable, age, inflation fluid, flow, or
PEEP as the variance factor, and the elastic recoil pressure as the covariant variable.
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Figure 8. Analysis of stress relaxation of the lungs after an airway
occlusion during constant air flow inflation. Upper panel: The P|_ points
were fitted to a monoexponential regression, whose function is
represented by the continuous line on the top panel (plotted on a
logarithmic scale). The shaded area in both panels represents the first
0.2 s of the post-occlusion pressure decay, which were excluded from
the analysis (see text). Lower panel: After the first 0.2 s following the
airway occlusion the residuals of the regression were small and
distributed homogeneously with respect to the time elapsed after the
occlusion. The interval between points is 0.01 s.
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Residuals
(cm H2O)

Figure 9. Analysis of stress relaxation of the lungs after an airway
occlusion during constant saline flow inflation. Upper panel: Similar to
Fig. 8, the

points were fitted to a monoexponential regression and the

first 0.2 s after the occlusion (shaded area) were excluded from the
analysis. Lower panel; After the first 0.2s following the airway occlusion
the

residuals

of

the

regression

were

small

and

distributed

homogeneously with respect to the time after the occlusion. The interval
between points is 0.01 s.

J.A. La Rocca: M.D. Thesis

28

Ejfect of Age
During air inflations, the slope of the amplitude of stress relaxation-elastic recoil
pressure relationships was greater in the newborn than in the 8-wk old piglets,
confirming that stress relaxation decreases with age in a manner that depends on the
history of the previous inflation. During saline inflations, however, this difference
disappeared, indicating that it requires the existence of a gas-liquid interface in the lungs.
The intercept of the relationships was not affected by age (Table 1).

Table 1. Elfect ol age and type of fluid used to inflate the lungs on the amplitude and time course of stress
relaxation in the lungs of developing piglets during low flow (upper panel) and high flow (lower panel) inflations.

Low Flow
AIR

SALINE

Newborn 161

8-week (61

Newborn 161

8-week (61

0 28+0.02
-0.5+0.2
0.30+0.04
4.1+0.3

0.20+0.02*
-0.3+0.2
0.19+0.03
4.8+0.1

0.24+0.06
-0.7+0.5
0.63+0.13
3.4+0.2

0 23+0 03
-0 8+0.4
0.34+0.10
4.5+1.0

Stress Relaxation = APve •
APve = a • Pel + b
a
b
SEE
Tve

High Flow
AIR
Stress Relaxation = APve
APve = a • Pel + b
a
b
SEE
Tve

SALINE

Newborn (61

8-week (6)

Newborn (6)

8-week (61

0.35+0.04
-1.0+0.2
0.38+0.10
4.2+0.3

0 27+0.05*
-0.9+0.3
0.37+0.06
4.4+0.2

0.17+0.05
-0.2+0 7
0.27+0.05
4.1+0.4

0.20+0.04
-0.6+0.4
0.17+0 03
4 8+0.6

•

Number ol piglets in parenthesis APve represents the amplitude ol stress relaxation ot the lung measured Irom the time ol an airway
occlusion to the point at which airway pressure reached an asymplote. APve is related to the elastic recoil pressure ol the lungs at the
point ol occlusion (Pel) by a linear regression, and is therelore delined by a slope (a) and an Intercept (b) SEE is ilic .siandatj error
of ilic csliniaic for this linear regression. Tve is the time constant of llic decay. Mcan±SE. *P<0.05 for
differences between ages.

Effect of Inflation Fluid, Flow, and PEEP
As expected, saline inflation decreased the transpulmonary pressure of the lungs.
As a result, the amplitude of stress relaxation was much lower for any given volume
change (or inflation time) during this type of inflation than with air inflations (Fig. 10).
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10. Amplitude of stress relaxation of the lungs (APve) during iso-flow airway occlusions performed

at various points during air (open circles) and saline (closed circles) inflations in a newborn piglet. APve
related linearly to the elastic recoil pressure of the lungs at the time of occlusion (Pel), the change in lung
volume preceding the occlusion (V|_), and the time taken to inflate the lungs before occlusion. The
difference between air and saline inflated lungs is greater for the relationships between APve and V|_ and
APve and time because of the decrease in elastic recoil for any given volume produced by the saline
inflation.

However, when considered as a function of elastic recoil pressure, the amplitude of
stress relaxation was similar for saline and air inflations (Fig. 10 and Table 1).
At the flow rates used during the experiment, increasing the flow caused only a
minimal increase in the amplitude of stress relaxation (Fig. 11). Although this increase
was detected by the analysis of covariance (Table 2), it was not large enough to cause a
significant difference in the slopes of the amplitude of stress relaxation-elastic recoil
pressure relationship by analysis of variance.
Surprisingly,
Table 2. Relevant statistics (F and P) determined by analysis of covariance
for the effect of age, flow rate, type of inflation fluid, and elastic recoil of the
lungs at the time of occlusion (Pel) on the amplitude of stress relaxation in
newborn (n=6) and 8-wk old {n=6) piglets.

the

end expiratory pressure
(PEEP)

had

no

statistically significant
Age
Flow
Type of Fluid
Pel

F

P

68.1
76.9
27.1
1148.2

.0001
.0001
.0001
.0001

effect on the slope of the
relationships between the
amplitude of stress relax-

APve fepresents the amplitude of stress relaxation from the time of airway occlusion to the point at which
the pressure reaches an asymptote.
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ation and the elastic recoil pressure at the time of occlusion (Table 3).

Table 3. Effect of age and type of fluid used to inflate the lungs on the amplitude and time course of stress relaxation
in the lungs ol developing piglets during low PEEP (upper panel) and high PEEP (lower panel) inflations.

Low PEEP

AIR

SALINE

Newborn (6)

B-week (61

Newborn (6)

S:week (6)

0.35+0.04
-1.0±0.2
0.3810.10
4.210.3

0.2710.05
-0.910.3
0.3710 06
4.410.2

0 1710.05
-0.210.7
0.2710.05
4.110.4

0.2010.04
-0.610,4
0.16710.03
4.810.5

Stress Relaxation = APve •
APve = a • Pel + b
a
b
SEE
Tve

High PEEP

AIR

SALINE

Newborn (6)

8-week (6)

Newborn (61

S-week (6)

0.2610.05
-0.810.5
0.4010.12
3.910.3

0.2610.04
-1.110.3
0.4610.20
4.210.2

0.2210 08
-1.810.2
0.23710.07
4.411.0

0.2610.07
-1.510.3
0.28710.09
4.610.5

Stress Relaxation = APve •
APve = a • Pel + b
a
b
SEE
Tve

Number ol pigiels in parenthesis APve represents the amplitude ol stress relaxation measured Irom the lime ol an airway occlusion to the point
at which airway pressure reached an asymptote. APve is related to the elastic recoil pressure ol the lungs at the point ol occlusion (Pel) by a linear
regression, and is therelore delined by a slope (a) and an intercept (b). SEE is the standard error ol the estimate lor this linear regression, tve is
the time constant describing the course ol the decay. Mean±SE.

Time Course of Stress Relaxation
We were surprised to find that the time constant of stress relaxation often
exceeded 4 s. Although we anticipated that the time course would be greater than 2 s
based on measurements of the time constant of stress relaxation for the lungs and chest
wall of piglets of similar ages, the present values are longer than those measured at
higher flows in piglets (time constant = 2.0±0.1 s in the newborn piglets at flow =
40.5±0.8 ml s'^).

Effect of Age
The 8-wk old piglets had a slightly more prolonged time course of stress
relaxation. Although this increase was detected by the analysis of covariance, it was not
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large enough to cause a significant difference in the time constant describing stress
relaxation pressure decay by analysis of variance (Table 1).

Air Inflation

Saline Inflation

Figure 11. Amplitude of stress relaxation of the lungs (APve) during iso-flow airway occlusions periormed
at various points during low flow (open circles) and high flow (closed circles) inflations in an 8-wk old piglet
APve is plotted against the elastic recoil pressure of the lungs at the time of occlusion (Pel) and the
change in lung volume preceding the occlusion (Vl) during both air (upper panels) and saline (lower
panels) inflations. The slope of the relationships was slightly greater at high than at low flows, but only
during air inflations.
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Effect of Inflation Fluid, Flow, and PEEP
The type of fluid used to inflate the lungs (air or saline), flow rate of the
inflation, and absolute lung volume at the time of airway occlusion had no effect on the
time course of stress relaxation by both analysis of variance and analysis of covariance
(Tables 1 and 2).

4
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Discussion

The results of the present work demonstrate that the decrease in the amplitude of
stress relaxation of the pig's lungs during development originates from changes in the
gas-liquid interface. The abolition of the differences between the slopes of the amplitude
of stress relaxation-elastic recoil pressure relationships measured during air and saline
inflations indicates that postnatal changes in the composition of the lung tissue itself
have no participation in these differences. Because the pig is a non-altricial mammal
whose lung architecture changes little during postnatal development, our work supports
the idea that stress relaxation is very sensitive to even subtle changes in alveolar
geometry.

Methodological Considerations
The validity of any conclusions based on comparisons of the amplitude or time
course of stress relaxation is strongly connected with the method used to calculate both
variables. Stress relaxation is a rheological property, and, as such, it must be described
in relation to measurable variables with the appropriate equations of state. In order to
obtain these equations, however, it is necessary to have an understanding of the
mechanisms involved in the property. Lacking a better alternative, this understanding
must come from intellectual interpretations which materialize in model formulations.

Models of Viscoelastic Behavior
Idealized models of respiratory system mechanics may look great on paper, but
they are only valid if they accurately and comprehensively predict the observed behavior
of the systems they represent. In the case of respiratory system viscoelasticity, many
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models have been proposed; none are without shortcomings. In fact, one may question
whether a system as complex as the mammalian respiratory system can be accurately
modeled at all. The above notwithstanding, such models do provide a starting point for a
more complete understanding; they help us organize our thoughts.
The viscoelastic model recently proposed by Bates et al.^ (Fig. 4), which is
actually an amalgam of several earlier models‘^2, 58, 64^ h^s been shown to predict
accurately the amplitude of stress adaptation in mechanically ventilated dogs and
humans^^’

Like others before, this model makes use of a combination of springs and

dashpots. In particular, the lungs are modeled with three elements arranged in parallel: a
dashpot representing airway resistance to flow, a spring representing the elastic recoil of
the lungs, and a Maxwell body [composed of a spring and a dashpot in series (Fig. 3)]
representing those lung components that exhibit viscoelastic behavior. If we make
transpulmonary pressure (Pl) equivalent to the force developed by this unidimentional
arrangement, and we substitute the volume changes of the lungs (Vl) and of the
viscoelastic component (Vve) for their corresponding linear displacements, we obtain
the following differential equations;

PL(t) = Vve(t) Eve + VJt) E + R

(4)

dVL(t)
dt

^ ^

dVve(t)
dt

Vve(t) Eve
Rve

where E and R represent the static elastance and flow resistance of the lungs, and Eye
and Rve are the elastance and resistance of the viscoelastic element. Resolving these
equations for a constant flow, dVjVdt = Vl:

PL(t) = Rve Vl (1 - e-t/'^vc) + E Vl + R Vl:

(0 < t < to)

(6),
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or, after an occlusion performed at to:

PL(t) = Rve

(1 - eV'fve)

- toVxvc + E Vl (t = to)

(7),

where the terms Rve Vl (1 - e'V”^ve) and E Vl (t = to) are equivalent to APve and Pel,
respectively in Equations 1, 2, and 3.
Examining these equations, it is easy to see that the model proposed by Bates et
al. predicts that stress relaxation follows a monoexponential decay. Such a prediction is
consistent with our findings, as well as those of others^"^' ^0, 59^

therefore,

validates our approach to the quantification of the amplitude and time course of stress
relaxation. The model also predicts, however, that the relationship between the
amplitude of stress relaxation and the volume change preceding the occlusion should be
described with an exponential. We found, in contrast, that this relationship is linear
w'ithin the wide range of lung volume excursions studied during the experiments. In this
regard, our findings conflict with some recent publications. For example, Similowski et
al. showed that the stress relaxation of both the lungs and the chest wall of healthy dogs
quantitatively follows the predictions of the model of Bates et al.59. D'Angelo et al.
reported similar findings in healthy humans^'^. Our findings agree, however, with those
of Kochi et al. These investigators, who performed their experiments in the same
laboratory as Similowski et al. and D'Angelo et al., showed that in both the lungs and
the chest wall of healthy cats, the relationship between the amplitude of stress relaxation
and the volume change preceding the occlusion is best described by a straight line^^* 38.
Such a linear relationship between the amplitude of stress relaxation and the
elastic recoil pressure of the lung suggests that, at least in cats and piglets, the model of
Bates et al. underestimates the amplitude of stress relaxation in a volume-dependent
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manner. There are several possible explanations for this underestimation. First, it is
possible that a volume-related increment in the mechanical heterogeneity of the lungs
gives rise to greater pressure losses due to flow redistribution at high inflation volumes.
This explanation, however, is inconsistent with direct alveolar pressure measurements
made recently in our laboratory^'. These measurements demonstrate that any differences
in alveolar pressure betw'een distant lung areas disappears within 0.2 s after the
occlusions, even at much higher flow rates than those employed in the present
experiments. Second, the inability of the ventilator to generate an instantaneous constant
flow at the beginning of inflation could make it impossible for the amplitude of stress
relaxation-elastic recoil pressure relationship to conform precisely to the model’s
predictions. If this were a prevailing mechanism, however, the amplitude of stress
relaxation would be overestimated rather than underestimated. Third, by excluding the
first 0.2 s that followed the occlusions from the analysis, w'e may have ignored an
important component of stress relaxation. For this to be true, however, such a
component w'ould have to have an extremely short time constant, which is inconsistent
w'ith any previous studies in piglets or other species. Furthermore, a rapid viscoelastic
decay is inconsistent with our previous estimates of the flow-related pressure losses in
the respiratory system. These pressure losses, which would have included the
hypothetical rapid viscoelastic decay, decreased or were unchanged by lung volume
changes, a behavior that would be very atypical for a viscoelastic phenomenon. Finally,
we believe the most plausible explanation is that respirator)' system stress relaxation is a
nonlinear process whose amplitude varies as an independent function of volume. This
concept is not new. It agrees with the experimental findings of previous investigators-^33, and has even been explored mathematically with both composite viscoelasticplastoelastic models (combining Maxwell and Prandtl
complex

constructions^3

bodies)37. 60

niore

Because stepwise inflation-deflations performed in our
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laboratory demonstrate that piglets' lungs exhibit marked static hysteresis, it seems
reasonable to think that plastoelasticity is at least an important contributor to the
departure of the behavior of the piglets' lungs from the predictions of the linear model.
Given the structural and functional complexity of both the lung tissue and the gas-liquid
interface, one can easily envision how a variety of plastoelastic elements with different
yielding volumes may be present, and also how these elements can have a continuous
distribution of yielding points, so that their pressure-volume behavior, coupled with that
of viscoelastic elements, would be rather smooth. It is interesting to note, in this
concern, that the relationship between the amplitude of stress relaxation and lung volume
or elastic recoil pressure was qualitatively very similar before and after the lungs were
inflated with saline. This suggests that the lung tissue and gas-liquid interface are well
matched dynamically in terms of stress relaxation viscoelastic characteristics. Such a
matching is probably quite important to maintain a mechanical efficiency of breathing,
particularly at slow frequencies, where viscoelastic dissipation is maximal.
At this point one may ask, if the lungs of piglets contain both viscoelastic and
plastoelastic elements (i.e. they resemble the model of Hildebrandt^^) which would
negate the monoexponential prediction of the model of Bates et al., then how can we
justify the application of this model to analyze the pressure changes after the occlusion.
Our justification was based on two lines of reasoning. First, even if it did not explain the
linear relationship between the amplitude of stress relaxation and the volume change
preceding the occlusion, the model provided a very accurate description of the
relationship between the amplitude of the relaxation and time after occlusion.
Consequently, even if it is only an empirical basis, we were able to quantify and, more
importantly, compare our measurements at the two ages or at the various conditions
studied. Second, it is conceivable that the physical principles that govern viscoelastic
dissipation may be totally different when the lungs are actively changing volume before
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the occlusion and when they are maintained at a constant volume after the occlusion.
Such a point of view would agree with the thesis that plastoelastic elements coupled with
viscoelastic elements are partly responsible for the behavior of the lungs before the
occlusions. The former would no longer yield after the occlusions, when there is no
change in volume, and therefore would free the viscoelastic elements to follow their
expected monoexponential pressure-time decay.

Stress Relaxation and the Alveolar Gas-Liquid Interface
It is well known that the alveolar gas-liquid interface contributes significantly to
the viscoelastic behavior of the mammalian lung. Studies comparing the stress relaxation
of air and fluid filled lungs in both adult cats^^, 30 ^nd rats'^^ have shown that a
significant portion of the amplitude of stress adaptation must be explained by
phenomena that take place in the gas-liquid interface. For instance, Horie and
Hidebrandl found that 7/8 of the stress adaptation in the lungs of adult cats was
eliminated when the lungs were inflated with saline instead of with air 29. in a second
set of experiments, the same authors reported a slightly smaller, but still significant
difference between air and saline inflated adult cat lungs: 4/5 to 5/6 of the amplitude of
stress adaptation could be accounted for by surface tension related phenomena^O.
Similarly, Lorino et al. demonstrated that 4/5 of the amplitude of stress relaxation in the
lungs of adult rats could be accounted for by surface tension related phenomena‘^0.
The specific mechanisms responsible for the viscoelastic behavior of the alveolar
gas-liquid interface are unknown. It is known, however, that pulmonary surfactant
exhibits substantial time-dependent properties when studied in isolation. These
properties, which are manifested as stress adaptation and hysteresis in a way similar to
the whole lung, have been explained on the basis of the physico-chemical properties of
surfactant. In particular, a process of molecular reversible exchange between the liquid

1
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surface and the sublayer has been invoked to explain the energy losses that must occur
for a dissipative property, like viscoelasticity, to be expressed^This process, known
as "solubilization" can occur by mere diffusion of surfactant molecules along
concentration gradients, or by a more selective "fitting in and squeezing out" or sorption
mechanism. Although the kinetics of these two mechanisms are different, distinguishing
between them in the whole lung is rather difficult. Both diffusion and sorption give rise
to exponential relaxations upon the cessation of volume changes and are compatible with
our observations. Obviously, both mechanisms must depend on changes in the
concentration of surfactant molecules, a view that is supported by the observation
recently made in our laboratory that surfactant removal by saline lavage markedly
increases the amplitude of stress relaxation in piglets of various ages. Because changes
in the concentration of surfactant as the lungs inflate are greatly influenced by the
geometry and size of the alveolus, one can expect that geometrical remodeling of the
lung parenchyma during development would result in measurable variations in lung
viscoelasticity.

Effect of Development on Pulmonary Viscoelasticity
Our present results not only confirm this expectation, but also demonstrate that,
in the piglet, changes in the alveolar gas-liquid interface are the only reason for the
previously observed developmental variations in stress relaxation. In this respect, pigs
differ substantially from rats, a mammal in which others have demonstrated age-related
changes in the viscoelastic behavior of saline-filled lungs'^^ Jq explain this difference,
we must consider the discrepancies between the postnatal developments of pig and rat
lungs. Pigs are born with a large portion of their alveoli already developed. Their lungs
grow by alveolar multiplication and enlargement during the first 8-12 weeks of life^^^6^, and by alveolar enlargement only thereafter. The piglet's pulmonary interstitium
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In contrast, rats are bom

without true alveoli. Their lungs undergo a rapid process of septation, which leads to the
formation of an adult population of alveoli in a matter of days^

Large variations in

the collagen and elastin content occur simultaneously^^. Thus, it is not surprising that
the developmental changes in the viscoelastic behavior of pigs and rats are very
different.
Two main surface-tension related mechanisms can explain the developmental
differences that we observed in piglets. First, as stated above, the piglet's lungs undergo
considerable variation in alveolar curvature and size during the period of study (i.e. the
first 8 weeks after birth). Although these variations are not as dramatic as those
occurring in rats, they must be associated with changes in the way that lung inflation
affects both the thickness of the alveolar liquid sublayer and the area of the surface fluid.
These changes are most likely to have a reflection on the viscoelastic behavior of each
alveolus and the lungs as a whole. For instance, one can reason that for a small alveolus
to change volume in the same subunit as a large alveolus, the fomier must increase its
surface area, and consequently reduce the thickness of its liquid sublayer, much more. If
so, the solubilization theory of surfactant viscoelasticity would predict a greater volumedependence of stress adaptation in the younger piglets, which have the smaller alveoli.
Of course, alveolar surface area provides only a limited account of the many factors that
must be considered in the geometrical configuration of the lungs. Segmental curvature or
volume distribution differences between alveoli and alveolar ducts, for example, could
also influence surfactant solubilization and lung viscoelasticity.
The second mechanism by which development could affect the viscoelastic
behavior of the gas-liquid interface is by changing the composition or the amount of
surfactant. While possible, this mechanism is less likely to be as important as the
preceding one. Although surfactant appears to be more concentrated in the newborn of
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Other species, like rabbits^^, this may not be true for the piglet. Even if it were true, it is
the change in surfactant concentration with lung inflation that causes the stress
relaxation. This is only indirectly influenced by the absolute concentration of the
material. Finally, no changes in the composition of surfactant have been described in
piglets or in other species.

Volume Redistribution and Stress Relaxation
In the normal lung, heterogeneity in the distribution of inhaled volume may
result from both an intrinsic nonuniformity of lung tissue mechanical properties'^'

as

well as from a structural asymmetry of the airway tree^^, 56 Unfortunately, if volume is
distributed unevenly (pendelluft), volume rearrangements will tend to occur after an
occlusion, giving rise to resistive pressure changes that cannot be readily distinguished
from stress adaptation^’

27, 33, 37, 38

problem was virtually ignored by those

who studied stress adaptation initially. After much consideration in recent years,
however, several studies have demonstrated that its importance is probably minor at
normal physiological breathing rates2> 8, 33^ Por example. Bates et al. showed by
measuring alveolar pressure with the technique described by Fredberg et al.^’

that

pendelluft has an irrelevant influence on the pressure changes that follow airway
occlusions in dogs. More recently, in our laboratory, Perez Fontan et al. have arrived at
similar conclusions in newborn piglets using a similar approach^'. Even when the
surfactant was removed by saline lavage, there w'as a minimal lag between pressure
recorded at the airway opening and alveolar pressure recorded at least two distant sites.
By 0.2 s after the occlusion, both pressures had completely equilibrated in all the piglets
studied.
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Summary
Our results demonstrate that the decrease in the amplitude of stress relaxation of
the piglet’s lungs during development originates entirely from changes in the alveolar
gas-liquid interface. Consequently, stress relaxation measurements provide a unique
perspective into lung development. If these measurements prove to be as sensitive to
subtle changes in alveolar geometry as the findings reported here suggest, they will most
likely be very valuable in the assessment of both normal and abnormal pulmonary
growth.
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